• The findings of the present study in an endotoxemic swine model indicate that combined enteral and parenteral glutamine (GLN) supplementation confers significant superiority over intravenous supplementation alone, in terms of enhanced availability in systemic and portal circulation during the course of endotoxemia. Thus, combined GLN treatment is a beneficial practice, ensuring adequate GLN to compensate for the resulting intracellular shortage.
Combined Enteral and Parenteral Glutamine
and 180 min, blood was drawn from the systemic and portal circulation for colorimetric assessment of GLN. Results: In healthy, placeboalone swine, GLN levels remained stable throughout the study. Intravenous and combined infusion increased systemic levels (p = 0.001), but after enteral admin istration alone, a smaller effect was observed (p = 0.026). Por tal levels were increased after combined, enteral and intra venous administration (p = 0.001). In endotoxemia, systemic and portal levels decreased significantly. Intravenous and, to a greater extent, combined administration increased sys temic levels (p = 0.001), while enteral administration only had a small effect (p = 0.001). In the portal vein, intravenous and combined treatment increased plasma levels (p = 0.001), whereas enteral supplementation alone had again a small, yet significant effect (p = 0.001). Conclusions: The findings indicate that combined GLN supplementation is superior to
Introduction
In catabolic states an increased release of glutamine (GLN) from the skeletal muscle to meet the increasing demands of peripheral tissue is observed as part of the body's conserved evolutionary response to stress, progressively leading to a depletion of GLN, proportional to the severity and duration of illness [1] [2] [3] .
Various studies in endotoxemia/sepsis models [3, 4] have reported the depletion of GLN and its consequences on body homeostasis and progress of disease. However, it has not been fully elucidated whether parenteral or enteral administration may be more beneficial in restoring GLN stores -in the same model -as, to the best of our knowledge, there are no studies regarding the effect of exogenous GLN administration on plasma levels and, especially, relating to the route of administration.
The present experimental study was designed to measure plasma GLN levels in systemic and portal circulation after enteral, parenteral or combined administration in a healthy and early-stage endotoxemia swine model. We hypothesized that the combination would be more efficient in restoring plasma levels during the course of endotoxemia.
Materials and Methods
The experiments were performed at the Surgical Research Laboratory of the AHEPA Hospital (Aristotle University of Thessaloniki) and the Laboratory of Pharmacology (Democritus University of Thrace), Greece. The experimental protocol was approved by the Department of Animal Care and Use Committee of the Greek Ministry of Agriculture, according to the European Community Guiding Principles for the Care and Use of Animals (EU Directive 2010/63/EU, Protocol No. 164909/11.05.2012).
Setting
Following 18 h of food deprivation, 33 female Munich swine (3 months old, 23.0 ± 2.9 kg body weight) were premedicated, intubated and mechanically ventilated, as previously described [5, 6] . The femoral artery and both femoral veins were cannulated; a 7.5-Fr Swan-Ganz CCOmboV catheter, a 20-Fr gastrostomy tube (for GLN administration) and a urinary catheter were placed invasively as well as a portal vein catheter through the upper mesenteric vein.
Experimental Model
Escherichia coli endotoxin lipopolysaccharide (LPS) (0111:B4, L2630, Sigma-Aldrich Co. LLC, St. Louis, USA) was used in a bolus dose of 250 μg/kg body weight in 20 mL 5% dextrose followed by a constant infusion of 2 μg/kg/h, throughout the experiment, to simulate the effects of endotoxemia in terms of its hemodynamic and metabolic consequences [5, 6] .
Experimental Design
The animals were randomized to receive, through the Swan-Ganz catheter, either LPS (endotoxemia group) or dextrose (control group) at time 0 (baseline). Thereafter, both groups were subdivided into: control, intravenous, enteral, and combined intravenous + enteral subgroups; all groups were given GLN intravenously and/or enterally, or placebo treatment (intravenously and/or enterally) for the next 30 min, which were provided through the ipsilateral femoral vein as the LPS and/or gastrostomy, respectively (Table 1) .
GLN Assay
Blood samples were collected from the arterial and portal circulation in EDTA tubes at baseline and at 15, 30, 45, 60, 120 and 180 min, for a colorimetric assay of GLN, using the EnzyChrom TM Kit (BioAssay Systems, Hayward, CA 94545, USA). Briefly, two distinct reagent mixes were prepared: a "working mix", containing both enzymes supplied, and a "blank mix", with only the second enzyme. The values obtained from the working mix represented total GLN and glutamate concentrations, while those from the blank mix showed the concentration of glutamate in the sample. The results for GLN concentration were calculated via a standard curve, after subtracting the optical density values from the "blank mix", and corrected for the presence of intracellular glutamate, as recommended by the manufacturer.
Statistical Analysis
An estimated difference in plasma GLN levels of ≥0.1 mmol/L (standard deviation 0.02 mmol/L) between enteral and enteral + parenteral GLN supplementation groups in the endotoxemia setting was defined as the primary end point. Therefore, a sample size of 4 animals in each group was estimated for a type 1 error of 0.05 (α = 0.05) and a power of 80%. Normality of data was assessed by the Shapiro-Wilks test. Analysis of variance for multifactor repeated measures with Greenhouse-Geisser correction was conducted to analyze continuous variables over time. If variance/covariance matrices were not equal across all groups and if overall sphericity for each group was violated, then we used contrasts for between/ within tests and Tukey HSD adjustment. Values are presented as means and standard deviations. A p value < 0.05 was considered significant. The Statistical Package for Social Sciences (SPSS, version 19.0; SPSS Inc., Chicago, IL, USA) was used.
Results
In healthy swine there was no difference in plasma GLN levels, both in systemic and portal circulations, throughout the 180-min study period, while in LPS-treated ones, a progressive, statistically significant decline (p = 0.001), compared to baseline, was observed ( No hemodynamic changes were noted after GLN administration.
In healthy swine, after intravenous GLN administration, systemic plasma levels peaked (36-fold) at 30 min (p < 0.001), followed by a progressive reduction (15-fold 
Groups
Healthy animals (20 mL 5% dextrose)
Endotoxemic animals (250 μg/kg BW + 2 μg/kg/h LPS) Control Intravenous 100 mL normal saline 0.9% 100 mL normal saline 0.9% Enteral 100 mL tap water 100 mL tap water Intravenous Intravenous Ala-Gln dipeptide 0.5 g/kg BW 1 Ala-Gln dipeptide 0.5 g/kg BW 1 Enteral 100 mL tap water 100 mL tap water Enteral Intravenous 100 mL normal saline 0.9% 100 mL normal saline 0.9% Enteral 0.5 g/kg BW GLN powder 2 0.5 g/kg BW GLN powder compared to baseline, p < 0.001). After enteral administration, only a slight (1.5-fold) increase (p < 0.001) was found at 30 min, followed by a progressive decline to baseline. After GLN had been given via both routes, a 40-fold increase (p < 0.001) occurred at 30 min, followed by a similar progressive elimination curve, reaching an 18-fold increase at 180 min. When intravenous-only and combined-infusion curves were analyzed, the latter approach achieved higher values (p = 0.006) from 30 min and thereafter (Table 2, Fig. 2a) .
Similarly, intravenous GLN resulted in a 24.6-fold increase (p < 0.001) of portal levels at 30 min, while 4-fold greater values compared to baseline were found at 180 min (p < 0.001). Enteral infusion resulted in a 40-fold increase (p < 0.001), but then declined progressively to 7-fold greater levels (p < 0.001). After combined administration, a 52-fold increase (p < 0.001) was found, keeping plasma values to a high (15-fold) level at 180 min (p < 0.001) (Table 2, Fig. 2b ). As observed in systemic circulation, combined infusion resulted in the highest 3 . a Time course of GLN levels in systemic circulation in GLN-treated endotoxemic (mentioned as "sepsis") swine. Data are expressed as means ± standard deviation. *** p < 0.001 represents significance of sepsis GLN intravenous and sepsis GLN intravenous + enteral groups compared to all control systemic, sepsis systemic and sepsis GLN enteral groups; # p < 0.01 and & p < 0.001 represent significance of the sepsis GLN intravenous + enteral group compared to the sepsis GLN intravenous group. b Time course of GLN levels in portal circulation in GLN-treated endotoxemic (mentioned as "sepsis") swine. Data are expressed as means ± standard deviation. *** p < 0.001 represents significance of sepsis GLN intravenous and sepsis GLN intravenous + enteral groups compared to all control portal, sepsis portal and sepsis GLN enteral groups; # p < 0.001 represents significance of the sepsis GLN intravenous + enteral group compared to the sepsis GLN intravenous group; & p < 0.05 represents significance of the GLN enteral group compared to both control portal and sepsis portal groups.
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Based on the understanding that endogenous GLN exhibits a progressive decline during the 180-min endotoxemia period, we correlated GLN levels in GLN-treated endotoxemic animals with both the baseline and the endogenous levels at each corresponding time point, in endotoxemic controls. After intravenous administration, a 9.5-fold increase (p < 0.001) was observed (30 min); thereafter, a progressive decrease was prominent, in levels as low as the baseline (180 min) (p = 0.024). When comparing these levels with the corresponding time point in endotoxemic controls, a 14-fold and a 2-fold (p < 0.001) increase was observed, at 30 and 180 min. Enteral GLN was found to maintain the declining GLN levels at slightly higher values than in endotoxemic controls, i.e., 1.2-fold (p = 0.024) and 2.2-fold (p < 0.001) decreases, at 30 and 180 min, compared to baseline, and nonsignificant increases by 1.2-fold and 1.3-fold at 30 and 180 min, compared to the corresponding time point in endotoxemic controls. After combined administration a 9.3-fold increase (p < 0.001) was found at 30 min; thereafter, a progressive decline resulted in 1.7-fold lower levels than baseline (p < 0.001). When values were compared with the corresponding time points in endotoxemic controls, levels at 30 min were increased by 14-fold (p = 0.001) and those at 180 min by 2-fold (p = 0.001). Finally, when intravenous-only and combined-infusion curves were analyzed, the latter approach achieved higher values (p < 0.001) at 45, 60 and 120 min ( Table 2 , Fig. 3a) .
With respect to portal circulation, endotoxemic animals treated intravenously exhibited a 9.4-fold increase at 30 min compared to baseline (p < 0.001), followed by a progressive decrease, leading to 1.3-fold greater values at 180 min (p = 0.045). When comparing these levels with the corresponding time point levels in endotoxemic controls, an 11-fold and a 2.5-fold increase (p < 0.001) was evident at 30 and 180 min. Enteral GLN caused only a slight increase (1.4-fold, p < 0.001) during the 30-min infusion compared to baseline, followed by a progressive decline to levels lower than the baseline at 180 min (p = 0.004). When comparing the corresponding values in endotoxemic controls, GLN levels were 1.7-fold (p = 0.036) and 1.6-fold higher at 30 and 180 min ( Table 2 , Fig. 3b) .
We must emphasize that in healthy animals portal GLN levels after enteral administration were lower than those after combined use (p < 0.001 at 30 and 180 min) but higher than those after intravenous treatment (p < 0.001 at 30 min, p = 0.026 at 180 min). In contrast, in endotoxemic animals, portal levels after enteral administration were at their lowest level, lower than after intravenous or combined GLN administration (p < 0.001 at 30 min and 180 min).
After combined treatment, an 11-fold increase (p < 0.001) was found at 30 min compared to baseline, keeping plasma GLN values significantly higher at 180 min (3.3-fold, p = 0.003). When compared to the corresponding levels in endotoxemic controls, values were 12-fold and 6.6-fold higher (p < 0.001) at 30 min and 180 min. As observed in systemic circulation, combined infusion resulted in the highest portal levels from 30 to 180 min, compared to intravenous infusion alone (p < 0.001), and much more compared to enteral infusion alone (p < 0.001). Finally, after combined administration, the 30-min levels peaked at 17.4 ± 0.79 and 15.2 ± 0.84 mmol/L in healthy but only at 4.1 ± 0.11 and 2.9 ± 0.09 mmol/L in endotoxemic animals, in systemic and portal circulation.
Discussion
The concept of combined parenteral and enteral GLN supplementation emerged as a potential way to achieve higher GLN levels in various tissues, in a short period of time. This concept takes into account the different exogenous GLN absorption pathways, according to the route of administration.
Accepting the assumption that following combined administration, the major proportion of the enteral GLN would be utilized by the enterocytes and immunocompetent cells, and the rest escaping into the portal vein by the liver, this would allow only a small fraction to appear in the periphery [7] [8] [9] . Consequently, the whole parenteral dose (plus that escaping from the gut/liver) would then be used to meet the needs of the rest of the body. Despite numerous publications, there is still limited evidence regarding systemic and portal circulation levels of GLN in sepsis and, in particular, in relation to the route of administration [7] . Thus, we decided to apply this experimental model to swine, since their gastrointestinal tract closely resembles that of humans [10] . We recorded the systemic and portal levels of GLN achieved after intravenous, enteral and combined supplementation compared to the baseline, as well as to placebo, at the same time points, throughout a 3-h study period. The corresponding levels in healthy and endotoxemic animals were compared.
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An important finding of the present experiment is related to endogenous GLN levels in healthy and endotoxemic swine, receiving no GLN treatment at all. GLN baseline levels were found to be similar to those in healthy humans (approx. 0.420 mmol/L) [11] , whereas after LPS administration a progressive decline was prominent, as supported by previous reports [1, 2, 11] . In our study all comparisons have been made in relation to both baseline and the time-point-matched measurement in endotoxemic animals.
With respect to healthy animals, this study clearly indicates that combined administration confers significant superiority over intravenous treatment alone, in terms of enhanced availability: a 30-min intravenous or combined infusion promoted a gradual increase in systemic circulation levels, which peaked at 30 min by as much as 36-fold and 40-fold, respectively, followed by a gradual decrease, remaining 15-fold and 18-fold higher at 180 min. This can be explained in two ways: either a small fraction escapes into the systemic circulation after enteral administration adding to that given intravenously, thus increasing plasma concentrations, or, when GLN is given intravenously, splanchnic consumption decreases, meaning the fraction, enterally given, escaping into the portal circulation increases, resulting in an increase in the total concentration measured in systemic circulation, compared to that obtained by the intravenous route alone, the latter being supported previously [12] .
Likewise, in LPS-treated swine, the pattern of GLN changes in systemic circulation was similar in both intravenous and combined-infusion groups at 30 min, possibly due to total utilization of enteral GLN by the splanchnic bed. At the end of the infusion, a progressive decline in GLN levels began, which was much more pronounced compared to healthy animals. GLN levels reached baseline at 180 min, the value being 2-fold higher compared to endogenous levels in endotoxemic controls, in the same period. Moreover, it should be noted that after the 30-min infusion, via either route, the elimination curve in systemic circulation remained at significantly higher levels after combined administration, compared to intravenous treatment alone. This occurred in both healthy and endotoxemic animals, but to different degrees.
Regarding portal GLN concentrations, arteriovenous measurements from an isolated intestine perfusion model showed that in each pass through the gut there was a net GLN extraction of about 170 μmol/L of plasma, or more than 20% of the total plasma content [13] . Similarly, portal-derived viscera as a whole utilize 167 μmol/ kg/h [14] , while adult rat enterocytes extract 25-33% of arterial GLN [15] . Furthermore, GLN is synthesized by the intestine, but at a lower rate than it is utilized, resulting in net uptake from the circulation in a dose-dependent manner; net uptake was equal to 60-80 μmol/h at concentrations above 600 μmol/L but decreased linearly to zero as the concentrations fell to 200 μmol/L [13] . This matches well the real scenario of GLN depletion during stressful conditions, when GLN stores have been exhausted. In such cases, the splanchnic bed is left with little, if any, GLN, leading to a nutritional gap in the maintenance of the gut mucosal barrier [16] . Our findings reveal that, when intravenous GLN was steadily infused for 30 min, both the systemic and portal levels progressively increased from 0.5 to 16.3 mmol/L and from 0.3 to 7.5 mmol/L in healthy animals, while in endotoxemia, this was from 0.4 to only 4.2 mmol/L and from 0.3 to 2.5 mmol/L, respectively. Thereafter, a linear reduction was observed, which in endotoxemia reached the baseline within the following 130 min.
The gut mucosa exhibits high net utilization of GLN; after enteral administration, 50-75% of GLN is metabolized by the viscera [11, [17] [18] [19] [20] . The "first-pass elimination" ranges from 40 to 90% [21] , while enterocytes metabolize a minimum of 600 μmol/kg/h of diet-derived (enteral) glutamate -and, at the same time, the portaldrained viscera utilize 167 μmol/kg/h of arterial GLN [14] . Our data confirm such findings: when GLN was given enterally, portal levels progressively increased 40-fold, from 0.3 to 12 mmol/L in healthy, but only 1.4-fold (from 0.3 to 0.4 mmol/L) in endotoxemic swine. This suggests that the endotoxemic gut either faces disproportionally greater metabolic needs or better absorbs GLN, when it is given enterally rather than parenterally, or both.
Regarding enteral absorption, when a GLN tracer was given enterally in healthy volunteers, almost three quarters were retained by the viscera [12] . When a large GLN load was infused simultaneously with the tracer, the relative amount of GLN retained by the splanchnic bed was reduced to 53% [12] . Our findings in endotoxemia support this finding; when 92 mmol (13.5 g) [7] GLN was given intravenously, the gut was perfused through the mesenteric artery with an unknown fraction of these 92 mmol, the highest fraction remaining in the portal vein (after utilization by the gut) being 2.5 mmol. When 92 mmol of GLN was given enterally, the gut was perfused through the lumen with the known quantity of 92 mmol, the highest portal fraction being only 0.4 mmol, and fi-Med Princ Pract 2018;27:570-578 DOI: 10.1159/000493481 nally, when 92 mmol was given intravenously and another 92 mmol enterally simultaneously, the highest portal fraction was 2.9 mmol, i.e., 7-fold higher than the 0.4 mmol.
All the above findings, both in healthy swine and in the early endotoxemia model, support our suggestion that combined administration is more efficient in restoring plasma levels in both systemic and portal circulations.
Our study has several limitations. First, the rather short-term infusion, which was dictated by special experimental needs; we used a swine model of E. coli endotoxemia, administering GLN at the beginning and not before, in order to simulate the clinical condition. Moreover, we took into account that in this model the earlyendotoxemia phase (hyperdynamic -no need for inotropes) lasts 3-4 h [6] , and treating hemodynamically unstable patients with GLN is considered a contraindication. It was thus necessary to gain time by shortening the infusion period. Second, the supramaximal dose used has already been applied clinically; intensive care unit patients were randomized to receive 0-0.86 g/kg L-GLN in order to investigate the relation of the dose to muscle concentration [22] , while 0.65 g/kg was considered the maximally tolerated oral dose in children [23] . Third, contrary to existing recommendations [24, 25] , GLN was provided without any concomitant nutritional support. This could be justified by the short duration of the protocol and the good nutritional status of the animals. Fourth, we assessed only plasma levels of GLN, and plasma is a poor indicator of the intracellular depletion occurring in critical illness [22] .
Conclusion
The findings of this experiment indicate that combined administration of GLN confers significant superiority over intravenous treatment alone, in terms of enhanced availability in systemic and portal circulation. Enteral GLN alone has a negligible effect on the systemic circulation, while it seems sufficient for the increased intestinal metabolic needs. Intravenous supplementation results in a uniform provision across the viscera, similar to the endogenous GLN. Thus, combined administration, at the onset of endotoxemia, emerges as a beneficial practice, ensuring adequate GLN to compensate for the forthcoming intracellular shortage. Obviously, the possible beneficial transfer of this practice to critically ill patients should be re-evaluated in well-designed, large-scale clinical trials, under strict evaluation of pretreatment GLN levels and under careful selection of patients, since experimental endotoxemia is so close and yet so far from human sepsis and multiorgan failure.
